Introduction
Gas-solid bubbling fluidized beds (BFBs) are widely used in industrial processes such as fluid catalytic cracking (FCC) regeneration and coal gasification (Daizo & Levenspiel, 1991) . However, the presence of bubbles in BFBs results in poor contact between gas and solid, back-mixing of particles, and entrainment of fine particles.
Different methods may be applied to overcome these problems, such as adding internal baffles, using an external force field, or changing the particle and fluid properties (Li & Kwauk, 2002) . Among these approaches, adding internal baffles is a relatively simple and low-cost method (Harrison & Grace, 1971; Jin, Yu, Zhang, Shen, & Wang, 1982) . Perforated plates are the most commonly used type of baffle in industrial applications because of partic-d-17-00265-li-text.doc Click here to view linked References their ability to improve the uneven radial distribution of particles in fluidized beds (Kwauk & Li, 2007) . Therefore, it is important to understand how the configuration of the perforated plates affects the hydrodynamics of BFBs.
With the rapid development of computational capability, computational fluid dynamics (CFD) has become an efficient way to explore the hydrodynamics in different types of reactor (Wang & Liu, 2010; Gidaspow, Jung, & Singh, 2004; Mckeen & Pugsley, 2003; Zhong, Gao, Xu, & Lan, 2012) . Generally speaking, the methods for modeling the gas-solid system can be categorized into Eulerian-Eulerian (EE), Eulerian-Lagrangian (EL), and Lagrangian-Lagrangian approaches. Of these, the first two methods are widely used to simulate fluidized beds.
For the EE approach, both the solid and fluid phases are considered as continua. Because of the continuum hypothesis for the solid phase, the EE method needs additional closure models to describe the interparticle and particle-wall interactions. Although continuous efforts have been made to develop closure models, it remains challenging for the EE method to simulate flows with distributed particle size and type because the continuity and momentum equations must be solved separately for each size and type of particle (Gidaspow, 1994; Rizk, 1993) .
This shortcoming may be overcome by using the EL method, which accounts the collisions of particles and the external forces acting on them without additional closure equations for the solid phase (Goldschmidt, Hoomans, & Kuipers, 2002) . However, tracking all particles is computationally expensive. Thus, the EL method needs greater computing capability than does the EE method. Currently, the EL method can handle up to 10 9 particles (Lu et al., , 2016 , but that is still far from the number of particles in industrial-scale reactors.
To address these challenges, Andrews and O'rourke (1996) proposed the multiphase particle-in-cell (MP-PIC) method (Snider, 2001) in which the solid is divided into several parcels of particles, each of which is referred to as a computational particle. All the particles in one parcel have the same properties (e.g., volume fraction, density, and velocity). The particle stress gradient, which is difficult to compute for each particle, is solved on a grid and then interpolated to the particles (Andrews & O'rourke, 1996; Snider, 2001; Pannala, Syamlal, & O'Brien, 2011; Snider, Clark, & O'Rourke, 2011) . This method of computing the particle stress gradient and treating the particles solves the problem of computational complexity and cost associated with the EL method. With an isotropic particle stress gradient added to the equation of motion of the particles, flows with any particle volume fraction from dilute to close-packed can be calculated (Andrews & O'rourke, 1996; Snider, 2001; Pannala et al., 2011) .
Thus, the MP-PIC-based EL method can simulate systems with high solid concentration in relatively short computational time. To date, the MP-PIC-based EL method has been applied to reactors in the fast, turbulent, and bubbling fluidization regime with coarse and fine particles (Wang et al., 2014; Abbasi, Ege, & De Lasa, 2011; Chen, Werther, Heinrich, Qi, & Hartge, 2013; Shi et al., 2015; Vivacqua, Vashisth, Hebrard, Grace, & Epstein, 2012; Li, Song, Benyahia, Wang, & Li, 2012; Benyahia & Sundaresan, 2012; Karimipour & Pugsley, 2012) . However, to the best of our knowledge, this approach has yet to be applied to baffled BFBs with fine particles. Hence, the applicability of the MP-PIC-based EL method to BFBs with and without baffles needs to be explored.
In this work, we use the MP-PIC-based EL method to simulate a BFB with perforated plates. A modified structure-based (MSB) drag model is developed for the simulations. Hydrodynamic aspects such as the radial and axial distributions of solid concentration in the BFB are predicted and compared with existing experimental data and simulation results obtained using the EE method (Yang, Li, & Zhu, 2015) .
Simulations
The simulations were conducted using the computational particle fluid dynamics (CPFD) software Barracuda VR 17.0. This solves the fluid dynamics in three dimensions using the averaged Navier-Stokes equations and the particle momentum equation with the MP-PIC formulation (Andrews & O'rourke, 1996; Snider, 2001) . The governing equations are summarized in Table 1 . Table 1 
Simulation systems
The simulations are based on a gas-solid bubbling fluidized system used in our previous work (Yang et al., 2015) . As illustrated in Fig. 1 , the simulated part is a column that is 140 mm in diameter and 1,000 mm tall. The particles are glass beads with a size distribution as shown in Fig. 2 . The other relevant particle properties are given in Table 2 . The baffles used in the experiment were perforated plates as shown in Fig. 3 , each of which contains 12 holes of 20 mm in diameter; the area fraction of the openings is 25.2%. In the two-compartment baffled BFB, the perforated plates were mounted at heights of 0.135 and 0.235 m above the distributor. The operating conditions in the experiment and parameter settings in the simulation are given in Table 3 . Tables 2 & 3 
Drag models
In CFD simulations of gas-solid BFBs, drag models are vitally important for predicting the hydrodynamics.
To investigate the influence of drag models on the CPFD simulation results, we use three drag models in the present simulations, namely a structure-based drag model (Lv, Li, & Zhu, 2014) , the Wen-Yu-Ergun (WYE) (Gidaspow) drag model (Gidaspow, 1994) , and the Parker drag model (Parker, 2015) . In Barracuda, the drag force is based on a single particle (Parker, 2015) . The expression for the drag force based on a single particle can be written as
Modified structure-based drag model
We have previously validated the structure-based drag model, which is a function of the bed height (Lv et al., 2014) . However, drag models that contain the bed height cannot be implemented directly in the present version of Barracuda. Thus, this drag model is applied with modifications.
In the structure-based drag model (Lv et al., 2014) , the empirical equation of bubble diameter includes the bed height as a variable. To implement this drag model in Barracuda, we replaced the equation for predicting the bubble diameter by the following equation proposed by Horio and Nonaka (1987) :
The parameter
and bm d is the maximum bubble diameter from total coalescence of the bubbles, which can be calculated by
The other equations are kept the same as in the original model (Lv et al., 2014) . Thus, the heterogeneous index defined as a dimensionless drag coefficient scaled with the Wen-Yu model needs to be recalculated based on Lv's method (Lv et al., 2014) as follows: Table 4 gives the heterogeneous index of the MSB drag model for superficial gas velocities of 0.054 and 0.072 m/s. Based on Lv's work (Lv et al., 2014) , the drag model used herein is as follows: 
Wen-Yu-Ergun drag model
The WYE drag model is a hybrid drag model involving the Wen-Yu drag model adapted for dilute gas-solid flow and the Ergun drag model fitted for dense gas-solid flow (Gidaspow, 1994) . This traditional drag model is based on the following homogeneous gas-solid flow assumption: 
The drag coefficient C d is a function of Reynolds number: 
Parker drag model
The Parker drag model (Parker, 2015) , which adds an empirical agglomeration model, is a continuous drag model correlating the two extremes of the close-packed and single-particle states. The model is expressed as
mf ln 1 ln
  
Grid-independence test
In Barracuda, the grids inside the geometry are veridical hexahedron meshes and those near the boundary comprise body-fitted arbitrary polyhedrons (Ingram, Causon, & Mingham, 2003) . To ensure that the simulation results are independent of grid size, we tested two grid sizes (2.5 mm×2.5 mm×2.5 mm and 5 mm×5 mm×5 mm) in calculation of the radial solid-concentration distribution at a superficial gas velocity of 0.072 m/s. As shown in Fig. 4 , there is no obvious difference between the simulation results for the two grid sizes. Considering the accuracy and the calculation time, we selected the 5 mm×5 mm×5 mm grid for the rest of the simulations. 
Effect of particle number per parcel
In the CPFD model, the number of particles in a parcel influences the simulation results significantly. Having more particles in a parcel reduces the computation time but may lead to underestimating the particle flux and WYE drag models (see Fig. 6 (b) and (c), respectively), which is not realistic in a BFB with Geldart A particles and is not consistent with experimental observations. The results in Fig. 6(a) show that the MSB drag model, which does not predict slugging, agrees qualitatively with the experimental observations. indicating that the drag force is nearly independent of bed height. In the MSB drag model, the empirical equation for bubble diameter represents the maximum stable bubble diameter, which is independent of bed height in the BFB. Hence, the drag force is unrelated to bed height. For the drag force determines the solid distribution, the solid volume fraction is still independent with bed height, almost the same with the bed height increasing in the dense region. Considering the simulation results shown in Figs. 6 and 7, it seems that the MSB drag model provides more accurate simulation at the bottom of the BFB. However, none of the drag models give reasonable prediction of the hydrodynamics in the whole baffle-free BFB. In the MP-PIC-based EL method, a certain number of particles are treated as a parcel. This treatment may homogenize the particle motion and influence the simulation accuracy.
In future work, the MSB drag model should be improved. In addition, the bed height may become the most important factor, and future versions of Barracuda should address the challenges of incorporating the bed height. Fig. 8 shows a comparison of the radial distributions of solid volume fraction calculated with these three drag models together with the experimental data at superficial gas velocities of 0.054 and 0.072 m/s in the BFB with two layers of perforated plates. Similar to the simulations of the baffle-free BFB, the simulated results agree better with the experimental data in the lower part of the bed. Fig. 9 shows a comparison of the profiles of particle volume fraction under a superficial gas velocity of 0.072 m/s in the BFB with two layers of perforated plates.
Baffled bubbling fluidized bed
Similar to the results shown in Fig. 6 , the Parker and WYE drag models predict unreasonable slugging at the bottom of the bed. Although the gas-solid flow calculated with the MSB drag model is visually consistent with the experimental phenomena, neither can that model predict the hydrodynamics precisely at higher bed height. In addition, similar radial distributions of solid volume fraction may exist in different flow regimes. Hence, it is necessary to combine the profile of particle volume fraction and the radial distribution of solid volume fraction to demonstrate the validity of a drag model.
Figs. 8 & 9
In the experimental study with two layers of perforated plates, a dilute region (also called a gas cushion) was observed under each layer of perforated plates (Yang et al., 2015) . However, in Fig. 9 , no such gas cushion is To get better predictions of baffled BFBs, the way in which Barracuda treats baffles should be improved. In the current version, particles can pass through baffles without impediment, which is not consistent with experimental results. Furthermore, the effect of the baffle structure on the flow dynamics is not reflected.
Conclusions
The hydrodynamics of Geldart A particles in gas-solid BFBs with and without perforated plates were simulated using the MP-PIC-based EL method. The MSB, Parker, and WYE drag models were applied to CPFD to explore the possibility of simulating the BFBs. Of these drag models, the MSB drag model performed the best.
However, the results of predicting the gas-solid flow were not good enough compared with the experimental data.
In addition, for comparison with experimental data, it is not sufficient to compare only the profiles of solid volume fraction; the detailed structure of the fluid dynamics should be examined carefully as well. To increase the simulation accuracy, the MSB drag model should be improved. In addition, the way in which Barracuda treats baffles should be promoted as well. 
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